uman cytomegalovirus (HCMV) infection causes severe clinical conditions in the face of immature or suppressed immune defense functions. The virus is, however, readily controlled by an immunocompetent host. Central to this process is the stimulation and maturation of dendritic cells (DC) (1, 2). Monocytederived, immature DC (iDC) are fully permissive to HCMV replication (3), but infection of these cells is restricted to strains expressing the viral genes UL128 to UL131A (4). Infection of iDC by HCMV and its impact on their maturation and function have been studied by several laboratories (5-10). There is consensus that T cell costimulatory molecules, such as CD40, CD80, and CD86 and MHC classes I and II, are downregulated on the surfaces of iDC following HCMV infection (2). As a result, iDC are impaired in their capacity to stimulate T cell responses (5-9), although this effect may depend on time after infection (4). With iDC function impaired, direct HCMV infection of iDC may not be sufficient to prime and sustain the vigorous T cell response against the virus that is seen during natural infection. Uptake and cross-presentation of HCMV antigen by uninfected iDC was identified as one mechanism to bypass HCMV-mediated immunosuppression of iDC function (11-13). Here we address whether exposure of iDC to subviral, noninfectious dense bodies (DB) of HCMV in the absence of viral infection is suitable for inducing activation and maturation, thereby rendering these cells competent for antigen presentation.
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(Part of this research was conducted by C. Sauer in partial fulfillment of the requirements for a doctoral degree from Johannes Gutenberg University, Mainz, Germany.)
To investigate the impact of DB on iDC, we generated iDC from peripheral blood mononuclear cells (PBMC) of HCMV-seronegative individuals (14) . Over 99% of the cells were CD3 negative, excluding lymphocyte contaminations (data not shown). Human foreskin fibroblasts (HFF; 3,6 ϫ 10 7 cells for each virus) were infected with either strain RV-HB5 (a derivative of the laboratory strain AD169) or the endotheliotropic strain RV-TB40/E. DB and virions were purified from 400 ml of culture supernatants at 7 days postinfection using glycerol-tartrate gradient ultracentrifugation (15) . After high-speed sedimentation of the material collected from the bands, DB (RV-HB5) fractions were resuspended in 300 l of phosphate-buffered saline (PBS; 1 mg), virions from RV-HB5 were resuspended in 100 l of PBS (175 g), and virions from TB40/E were resuspended in 100 l of PBS (130 g). DB fractions were either used directly or exposed to UV light (DB UV ; 254 nm of UV light for 2 min) to inactivate residual infectious virus. HFF and iDC were incubated with 10 g of each of these fractions in order to determine infectivity (by staining for HCMV immediate early protein 1 [IE1] expression) or antigen uptake (by staining for the tegument protein pp65) ( Table 1 ). The results showed that DB contained very little virus (DB fraction) or no virus (DB UV fraction) that would infect iDC. By contrast, iDC took up antigen from both fractions. Only virion fractions from TB40/E were infectious for iDC at considerable levels. Titration experiments showed that the RV-HB5 DB fractions contained 0.5% of the infectivity contained in the RV-HB5 virion fractions (tested on HFF; data not shown).
Ten micrograms of each particle fraction was added to 5 ϫ 10 5 iDC per well in a 12-well plate. After 2 to 3 days, DC were harvested and analyzed by flow cytometry for surface expression of distinct maturation markers (Fig. 1A) . As a reference, iDC were generated and matured by exogenous cytokines as described elsewhere (16) . Application of DB to the iDC resulted in a significant upregulation of all markers tested except for CD40 (Fig. 1A) . Application of DB UV led to upregulation of CD83, HLA-ABC, and To verify these results, we analyzed the morphological changes in iDC cultures following DB treatment by phase-contrast microscopy (Fig. 1B) . iDC that were incubated for 2 days with either DB or DB UV showed typical dendrites characteristic of the morphological changes of DC associated with maturation. In these cultures, DC showed a morphology similar to that detected for the positive control, i.e., iDC that were exposed to the maturation cytokine mix (cytokines). By contrast, most cells in infected DC cultures showed a morphology that was similar to that of the cells in the untreated control (iDC). The number of surviving cells in the latter cultures, however, was lower than in the DB-treated cultures, an effect likely due to enhanced induction of apoptosis, as previously reported by others (5) .
To investigate if DB treatment of iDC resulted in functional activation, we analyzed the supernatants of DC cultures for secretion of tumor necrosis factor alpha (TNF-␣), interleukin-6 (IL-6), IL-12 p70, alpha interferon (IFN-␣), and IL-1␤ (Fig. 1C) . These cytokines are commonly used as indicators for DC activation. Incubation of 5 ϫ 10 5 DC with 10 g of DB led to a significant increase in the release of all tested cytokines relative to that of the untreated iDC controls. Ten micrograms of UV-irradiated DB or 10 g of RV-HB5 virions mediated a significant increase in the secretion of TNF-␣ and IL-6. No significant increase in cytokine secretion was seen after incubation of DC with 10 g of TB40/E virions. IL-12 production was seen only after incubation of iDC with DB of RV-HB5. IL-12 secretion is known to favor Th1-dependent immune responses. Taken together, these results indicate that RV-HB5 DB are potent activators of iDC and that they are superior to RV-HB5 virions in this respect. By contrast, infection with HCMV RV-TB40/E did not result in significant changes in the expression of DC activation cytokines.
Next we analyzed whether iDC were competent for antigen uptake from DB. To address this, we incubated iDC with different particle preparations (Fig. 1D) . Subsequently, 5 ϫ 10 4 DC of each sample were cytocentrifuged onto glass slides and subjected to pp65-specific antibody staining using an alkaline-phosphatase anti-alkaline-phosphatase (APAAP) staining protocol. pp65 antigen uptake was seen for all viral particles tested (Fig. 1D) , as previously described (17) . DB-and DB UV -treated DC showed cytoplasmic staining for pp65. Infection with virions of RV-TB40/E displayed nuclear staining for pp65, indicating that these cells were permissively infected (6) . Incubation of iDC with RV-HB5 virions resulted in a mixed phenotype; whereas most cells that stained positive for pp65 showed retention of the tegument protein in the cytoplasm, there were also some cells that showed nuclear pp65 translocation. Identical results were seen when the cells were stained at 16 h after application of the particles (data not shown). Taken together, the results show that pp65 was translocated from both DB and virions into iDC and that the site of accumulation of the tegument protein after infection of the cells was strain dependent.
Having shown that DB treatment leads to maturation and activation of DC, we next tested if this resulted in an enhanced capacity of these cells to present antigen and to stimulate autologous T cells in IFN-␥ enzyme-linked immunosorbent spot (ELISPOT) assays (18) . iDC were prepared from three HCMV antibody-seropositive donors and incubated with 10 g of viral particles for 2 days. CD4 and CD8 T cells were purified from PBMC of the same seropositive donors by magnetically activated cell sorting (MACS) (Miltenyi, Bergisch Gladbach, Germany). T cells were used for ELISPOT assays either directly ex vivo ( Fig. 2A) or after two rounds of restimulation with irradiated PBMC loaded with an overlapping pp65 peptide mix (PepTivator; Miltenyi, Bergisch Gladbach, Germany) to selectively increase the frequencies of pp65-specific T cells (Fig. 2B) . DC that had been incubated with DB stimulated both CD4 and CD8 T cells from seropositive donors for IFN-␥ secretion. This was true for unstimulated ( Fig. 2A) as well as for peptide-stimulated (Fig. 2B) T cells. The same was seen in assays where DC had been incubated with UV-irradiated DB. T cells obtained from seronegative donors for control were not stimulated by DB-treated, autologous DC (data not shown).
The levels of stimulation of the T cells from seropositive donors by DB-treated DC were comparable to those seen with DC that had been incubated with virions of both RV-HB5 and RV-TB40/E. The latter result confirmed one study (4) but seemed to be discordant with others (5-9). Stimulation by RV-TB40/E-infected iDC should be impaired due to MHC class I downregulation. One explanation for RV-TB40/E-infected DC to resist MHC class I evasion may be that the RV-TV40/E strain used lacked expression of the immune evasion genes US2 to -6 and may thus be competent for MHC class I presentation (19) . In addition, large amounts of virions were applied (10 g/5 ϫ 10 5 iDC), which likely led to efficient introduction of particle-associated antigen into iDC from different seronegative donors were incubated for 48 h with different viral particle fractions (10 g) and were subsequently analyzed by flow cytometry. Shown are multiples of mean fluorescence intensity (MFI) values for maturation markers (y-axis) relative to that for untreated controls (dashed line). Each symbol represents an individual donor, and horizontal bars represent means. Statistical significance (P Ͻ 0.05; marked by asterisks) was calculated by directional Mann-Whitney test. (B) Phenotypic analysis of DB-treated and infected iDC by phase-contrast microscopy. The applied particle fractions are indicated. A cytokine mix was used for DC maturation as a positive control. Dendrites used as hallmarks of mature DC are indicated by white arrowheads in the micrographs and at higher magnification in the insets. Identical results were obtained with the cells from two donors (C) ELISA of cytokines released into the culture media of DB-treated or infected DC. iDC were incubated as described for panel A. Bars represent mean values for cytokines secreted by DC from five individual donors, except that for IL-1␤ only two donors were included. Samples were evaluated in duplicate. Standard deviations are indicated by vertical lines. Cytokine levels were evaluated relative to those for untreated iDC (iDC) by one-tailed t test. ns, not significant; *, significant (P Ͻ 0.05); **, highly significant (P Ͻ 0.01); DB, DB from RV-HB5; DB UV , UV-irradiated DB from RV-HB5; HB5, virions from RV-HB5; TB40, virions from RV-TB40/E. (D) APAAP staining of cytospin preparation of iDC using an antibody directed against HCMV pp65 following 48 h of incubation with different particle fractions as indicated. Identical results were obtained with cells obtained from three donors.
MHC class II. In conclusion, our results show that iDC could readily take up antigen from DB, that DB induce the activation and maturation of these cells, and that such DC are subsequently rendered competent for antigen presentation in the context of MHC class I and MHC class II.
It is unclear whether DB are synthesized during acute HCMV infection in vivo. The large amount of pp65, the major component of DB, detectable but not synthesized in granulocytes may suggest DB synthesis during acute infection (20) . One could hypothesize that DB are used by the immune system to bypass HCMV-mediated impairment of the DC compartment. Yet firm proof of this is hard to obtain as long as an animal model for DB production in concert with HCMV infection is unavailable.
In any case, HCMV DB have a remarkable potential to induce both humoral and cellular immune responses following their adjuvant-free application to mice (21) . The results obtained in this study may explain the unique immunogenicity of DB, as their immunostimulatory property may be an adjuvant for induction of immunity against HCMV, and support further development of DB as a vaccine (22) . 
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